Abstract: Coastal inundation due to multiple hazards was analysed for a potential manufacturing plant at the Batu Kawan Industrial Park in Penang state, Malaysia. The analysis accounted for river floods, rainfall and flash floods, cyclones, tides, storm surges, sea-level rise, and tsunamis. Earthquakes, volcanoes, and the effects of climate changes were also briefly evaluated. The proposed site elevation of 2.60 m LSD (land survey data level; 30 cm above mean sea level) will probably be reached by both the 100-year flood and the
Introduction

Motivation and background
Selecting suitable sites for buildings and infrastructure is a fundamental process in both business-related and governmental activities. In the USA the authorities have codified and published universal site selection processes for these purposes (e.g., GSA -US General Services Administration, 2015). These processes date back to the 1950s for large governmental projects such as Los Alamos and the Air Force Academy, and have been continuously improved since then. Today, many corporations in the private sector follow these or similar methodologies, which have also found their way into standard business textbooks (e.g., Peiser and Frej, 2003) .
A rigorous site selection process is vital in the high-technology industries, such as semiconductors or photovoltaics, because the capital required to build new factories has grown dramatically over the years. The cost of a typical high-technology factory today is in the order of several billion USD (Christensen et al., 2008; Samsung, 2011) .
With so much capital at stake, a detailed risk assessment for potential manufacturing sites is a must. Indeed, the universal site selection processes recommend the consideration of risks related to earthquakes and floods. However, a systematic integration of several sources of risk in a multi-risk analysis has not yet been emphasised. In contrast to single-risk analyses, the examination of multiple risks poses a range of additional challenges due to the differing characteristics of hazards and their interactions.
In this paper, the search for a new manufacturing site for Bosch Solar Energy AG, a photovoltaics manufacturer and subsidiary company of the German industrial conglomerate Bosch, is presented. To better meet the needs of the local customers, the company decided to build a manufacturing hub located in Asia. The envisaged capital expenditures were projected to be the largest investment in the history of the company. The site selection process started in late 2010 and quickly narrowed down to a few eligible sites in Malaysia and China, with Batu Kawan Industrial Park in Penang state, Malaysia, being the most favourable one (Figure 1 ). However, after the March 2011 Tohoku earthquake and tsunami event, which caused the Fukushima disaster, the company decided to perform a thorough multi-hazard assessment for the chosen site, going beyond and extending their standard site selection procedures.
Since the study site is exposed to several types of natural hazards, some of which are correlated and interacting, there is a need for a multi-hazard approach to consider the interactions and possible cascading effects. Multi-hazard is a wide concept that, in its most general interpretation, can be defined as "the process to determine the probability of occurrence of different hazards, either occurring at the same time or shortly following each other, because they are dependent upon one another or because they are caused by the same triggering event or hazard, or merely threaten the same elements at risk without chronological coincidence" (European Commission, 2010) . Following this definition, multi-hazard analysis comprises both the process of analysing different (independent) hazards threatening a given (common) area, and the process of analysing possible interactions and/or cascade effects among the different types of hazardous events.
Looking at the current state-of-the-art of multi-hazard practices (with focus on natural hazards), Garcia-Aristizabal et al. (2012) found that most of the currently available multi-hazard applications assess independent hazards threatening common exposed elements, and that few efforts have been dedicated to the definition and quantification of cases where there are possible interactions and cascade effects among the different hazardous events. Multi-hazard analysis as part of natural risk assessment is further discussed by Bell and Glade (2004) , while a framework for quantitative multi-risk analysis of natural hazards is described by Schmidt et al. (2011) . Kappes et al. (2012) review the challenges related to multi-hazard risk analysis. A case study assessing risks related to storms, floods, and earthquakes for the city of Cologne is performed by Grünthal et al. (2006) . An example of a case study focusing solely on coastal hazards and risks is presented for Sri Lanka by Garcin et al. (2008) . Finally, it should be mentioned that cascade effects, including the identification of possible cascade events for different space-time scales, are among the ambitious objectives of the MATRIX project (http://matrix.gpi.kit.edu), a multi-national research project funded by the European Commission's 7th Framework Program (FP7).
Objectives and elements of the multi-hazard analysis
The manufacturing site considered in this study is located in the centre of the Asian tropics at 5° 13' N. The climate is characterised by a stable temperature throughout the year with highs just above 32°C and lows around 23°C. The area is naturally flat and low-lying close to the shore, and potentially exposed to flooding and tsunamis. The main objective of the present analysis was to apply a unified approach for screening of multiple coastal hazards threatening a common area, rather than detailed studies of single hazards. Norwegian Geotechnical Institute (NGI) Oslo together with the Coastal Risks and Sea level Rise Research Group of the Future Ocean Excellence Cluster, Department of Geography, Christian-Albrechts Universität zu Kiel (CAU), Germany, performed the multi-hazard analysis for the site. The study comprised exposure to: 1 river floods, rainfall and flash floods 2 tides, cyclones, storm surges, and sea-level rise (SLR) 3 earthquake-or landslide-induced tsunamis 4 the largest credible combined flooding scenario (tsunami -storm surgeriver/rainfall flooding) for the manufacturing site.
Natural hazards not directly related to inundation, such as earthquakes and volcanoes, were also briefly considered. Some of the hazards discussed are correlated. For example, tropical cyclones cause storm surge and flooding, while tsunamis are correlated with earthquakes or volcano flank collapses and eruptions. Hence, the combined effects of tides and storm surges and the cascading effects of earthquakes and tsunamis were considered in a multi-hazard context. However, independent extreme events, such as tropical cyclones and earthquakes, were considered separately. The study was based on multiple sources of information, such as peer-reviewed journal papers, third-party reports, review of historic events, previous work by NGI, as well as new site-specific calculations.
The individual hazard components were considered for several return periods depending on the information available. Typically, codes for design of infrastructure require a return period of 100-200 years for the design flood event. For example, the Norwegian regulations for roads and railroads specify a design return period of 200 years with regard to flooding and drainage (NGI, 2014a) . Hence, a design return period of 100-200 years was applied for the coastal inundation multi-hazard analysis. In the following sections, the historical observations and relevant previous studies are reviewed before the results of the present analysis are presented for each individual hazard component. Finally, the results for the various hazards are compared in a separate section on the multi-hazard analysis.
River floods, rainfall and flash floods
The annual precipitation in the area of the proposed site is 2,530 mm (Bayan Lepas Airport, 20 km west of the site). There are two distinct precipitation maxima each year, in April/May and September/October (Figure 2 ). Flash floods (rapid flooding of low-lying areas distinguished from a regular flood by a timescale of less than six hours) and floods are common phenomena in the wet season. Short time, high intensity rainfalls do not normally represent any problem for infrastructure and population as long as the natural terrain is able to absorb the precipitation. In urban or cultivated areas, drainage systems have to be in place to account for the reduced infiltration and retention ability of paved and bare surfaces. The major flood events record for Malaysia starts in 1926, and continues with events in 1931 , 1947 ,1954 , 1957 , 1963 , 1965 , 1067 , 1969 , 1971 , 1973 , 1979 , 1983 , 1988 , 1993 , 1998 , 2001 (Government of Malaysia Department of Irrigation and Drainage, 2009 . Selected events are presented in Table 1 . The most prominent event is the 1971 flash flood in Kuala Lumpur where 32 people were killed and 180 000 affected. In the Penang state, floods occurred at least in 2003, 2007, 2008, 2010 , and most recently on 30 April 2011 (Googlenews). These events mostly affected urban areas, where the drainage system is not able to manage the short time rainfall. In 2007 flash floods affected the northern part of Batu Kawan (New Straits Times, 2007) . Also in 2003, a larger flood was reported, but flooding of Batu Kawan was not documented (Jurutera Perunding Consulting Engineers, 2008) .
Flash floods and intensive rainfalls can occur annually on Batu Kawan. Figure 3 shows an intensity-duration-frequency (IDF) plot of precipitation records adopted for Batu Kawan. Intensities of more than 70 mm/hour within 60 minutes duration can be expected every second year and the 50-year event amounts to 120 mm/hour within 60 minutes. The maximum monthly recorded precipitation was 680 mm in October 2003 on 15 days with recorded rainfall. This event most likely caused the flooding on the Sungai Jawi River banks reported earlier.
River floods, rainfall and flash floods must be analysed with regard to impact in an industrialised area, and with regard to design of drainage systems. A drainage system designed for the agricultural use of the site is currently in place. This system will need a major upgrade before any industrial development can be realised. Studies by Roseli (1999) show that land-use changes from agriculture to urban areas may double the runoff. The most severe flooding situations in lowland coastal areas such as Batu Kawan can occur for a combination of storm surge, high tide, and intense rainfalls. Also these effects can to some degree be managed by a well-engineered drainage system. The design suggested is based on a scenario where heavy rainfall coincides with mean higher high water (MHHW; average of high tide levels observed during new or full moon) and not with highest astronomical tide (HAT; highest possible tide level without influence of wind, air pressure, temperature, etc., based on 19-year tide tables). However, they recommend that the minimum design platform level for new development should be HAT + 0.5 m = 2.14 m land survey datum (LSD) Level to comply with international standards. Further quantifications of MHHW, HAT, and LSD levels are presented in Table 2 . The level of 2.14 m LSD can be reached by a flood exceeding the five-year design event. A 100-year event would reach approximately 40 cm above this level. In the sub-catchment C-24, the proposed development level will be 2.60 m LSD. If this level is adopted in the realisation of the plans, a 100-year flood might cause minor problems in the inner parts of the catchment only ( Figure 4 ).
The temperature in Peninsular Malaysia (meteorological station Petaling Jaya) shows a general increase from 1961 to 2007. A decreasing seasonal rainfall trend for peninsular Malaysia in 1998-2007 can be observed as compared to . The simulated annual temperature up to 2099 shows a significant increase. The simulated annual rainfall shows a decrease for the first 20 years followed by an increase up to 2099 (Malaysian Meteorological Department, 2009) . Another study by Manton et al. (2001) on extreme daily rainfall and temperature in the period 1961-1998 shows a general decrease in annual total rainfall in SE Asia, but at the same time a weak increase in extreme rainfall intensity in Peninsular Malaysia. At the east coast of Peninsular Malaysia the nature of the flood changes from monsoonal type of flood with long duration, to flash flood with short duration (Mohamad et al., 2012) .
Climate change scenarios provided by van Oldenborgh et al. (2013) roughly indicate a possible 10% increase of precipitation in the area. The changes are larger in the months October to March and less in the months April to September. It should be noted that these scenarios describe mean precipitation for long (six months) periods. They do not capture the increase of short-term high intensity precipitation events. Nonetheless, the possibility of an average increase of 10% does not require a major adjustment of the drainage design of the site.
Jurutera Perunding Consulting Engineers (2008) mention explicitly the positive effect of natural mangrove vegetation along the coast of the proposed site. This vegetation reduces the effects of flooding. It is therefore suggested that efforts should be done to preserve the still existing mangrove forest and restore those parts that were logged earlier.
We concluded that if the proposed development level of 2.60 m LSD is implemented and a well-engineered drainage system adapted to the 100-year flood is constructed and maintained continuously (in particular during flooding), the flooding risk at the construction site is low. 
Storm surges and sea level rise
The study site is potentially exposed to coastal flooding. Therefore, storm surge hazards as well as the influence of rising sea levels were investigated.
Storm surges
Severe storm floods are caused by storm surges triggered in areas with strong tropical or extra-tropical cyclones (von Storch and Woth, 2008) . When storm surges hit the coast, they threaten the coastal population and can cause massive destruction of coastal infrastructure and assets (Wolf, 2009) . A large number of storm surges have caused severe natural disasters in Asia, e.g., in Bangladesh. Maximum storm surge water levels depend on intensity, duration, and direction of a surge from cyclone characteristics, local winds, astronomical tides, wave characteristics at the coast, and the bathymetry. The potential impact of storm surges further depends on coastal protection, topography, and land-use. Hence, local conditions have to be analysed. Moreover, storm surge water levels may increase in the long term when sea level is rising. Also anthropogenic factors such as subsidence or urbanisation close to the shore may contribute to the risk of coastal flooding (Nicholls and Cazenave, 2010; Hinkel et al., 2012) .
Data about storm surges for this study were limited. Hence, the analysis was restricted to the analysis of tide gauges and the application of the dynamic and interactive vulnerability assessment (DIVA) model and database. Since tropical cyclones have rarely been observed close to the equator (Anthes, 1982; Chang et al., 2003) , the site is generally not in the well-known global cyclone tracks. An exception, the typhoon Vamei, which came close enough to the equator to reach also Malaysia was analysed by Chang et al. (2003) , who calculated a probability of once in 300-400 years for such an event. A more continuous coastal flood risk may arise from local winds and tidal surge.
The tidal range at the Batu Kawan site is approximately 2 m (Karim and Ismail, 2010) , with mean lower low water (MLLW; average of low tide levels observed during half-moon) at 0.77 m admiral chart datum (ACD level) and MHHW at 2.67 m ACD (Table 2) . For the statistical calculation of a 1:100 year storm surge level, a long-time series of recorded water levels would have been required. Since long-term tide gauge records were not available in this study, the DIVA database (Vafeidis et al., 2008) was employed to derive the 1:100 year storm surge level for the region. The DIVA database is a global coastal database that underpins the DIVA integrated impact assessment model (McFadden et al., 2007; Hinkel and Klein, 2009) . In its present form, the database includes information on more than 80 physical and socio-economic parameters of the coast, including modelled storm surge levels for the 1, 10, 100, and are calculated as the sum of 1 a tidal term, i.e., mean high water above mean sea level (MHW, average of all high tide levels observed over a period of 19-years) 2 a barometric term, i.e., sea level rise due to atmospheric depression 3 a wind set-up term.
More detailed information on the calculation of storm surge values is provided by Vafeidis et al. (2006) . The results show that the one-year storm-surge level of 1.93 m a.s.l. (3.65 m ACD) derived from DIVA (Table 3) agrees well with the mean annual maximum water level observation of 3.65 m ACD for the years 1984-1987 and 1990-1995 at the tide gauge in Lutum (http://www.gloss-sealevel.org/ station_handbook/stations/43/), located approximately 150 km south of the study site.
The 100-year storm surge water level modelled with DIVA for the Penang coastline segment is 2.29 m a.s.l. (2.59 m LSD). This value corresponds to the proposed development level at the site of 2.60 m LSD. However, it has to be taken into account that sea level may rise in the future and/or that simultaneously occurring events, e.g., rainfall, may increase local water levels additionally. 
Sea level rise due to climate change
Global sea levels have been rising throughout the 20th and 21st centuries and are expected to continue to rise for centuries as a consequence of climate change, even under the most optimistic mitigation scenarios . The global mean rate was 1.7 mm/year between 1901 and 2010, with a higher rate of 3.2 mm/year observed between 1993 and 2010 (Church et al., 2013a) . While acceleration of SLR is expected to continue, significant uncertainties exist regarding the final magnitude of the rise primarily due to the potential contribution of the Greenland and West Antarctic ice sheets (Bittermann et al., 2013; Church et al., 2013b) and regional sea-level variations (Nicholls and Cazenave, 2010) . In its Fourth Assessment Report (AR4), the Intergovernmental Panel on Climate Change (Bindoff et al., 2007) projects a mean global SLR of up to 0.59 m by the end of the 21st century, not taking into account possible contributions from the melting of the large ice sheets. These contributions have been considered in the Fifth Assessment Report (AR5; Church et al., 2013a) and projections have been revised upwards. Moreover, studies based on semi-empirical methods that also take into account such contributions suggest that sea levels may rise beyond 1.5 m by 2100 compared to 1990 levels (Vermeer and Rahmstorf, 2009; Rahmstorf, 2010) . However, it must be noted that these values refer to a theoretical global mean. Sea levels vary spatially around the globe as regional sea levels are affected by changes in oceanic or atmospheric circulation (Milne et al., 2009 ). These changes occur on decadal time scales and can be of significant magnitude, which can considerably exceed or counteract global SLR. For the purposes of this study, we used the DIVA integrated assessment model to calculate relative SLR rates for the region of interest until the year 2100. SLR estimates in DIVA are computed with the intermediate complexity climate model CLIMBER-2 (Petoukhov et al., 2000) using the Special Report on Emissions Scenarios (SRES). The calculation of relative SLR also includes natural subsidence/uplift rates due to isostatic adjustment based on the geophysical model of Peltier (2000) and an assumed uniform subsidence of 2 mm/year in delta areas (Vafeidis et al., 2006) .
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Three SRES scenarios (A2, B1, A1B) and two SLR scenarios (high regionalised and low regionalised) were employed to produce a wide range of possible rises in sea levels for the region. High and low SLR scenarios represent the variability in the response of sea levels to climate sensitivity within each SRES scenario. There is a limited amount of data assessing SLR rates or forecasting future SLR in the region. The only information on estimated SLR rates for four tide gauge stations was included in a report published by Mohazri and Hazari (2010) . Reported rates are of the order of 1 mm/year and are comparable to the low-range estimates from the DIVA model. Similarly, some additional information was included in a study based on combinations of satellite observations of Indian Ocean sea levels, in-situ measurements, and climate model simulations (Han et al., 2010) . Although the study reported large variations for the Indian Ocean, estimates for the region of interest did not exceed 20 cm for 2100 and were also within the range of the lower estimates produced with the DIVA model (B1_Low SLR and A1B_Low SLR).
Based on the above model runs and available data, we assessed with high confidence SLR will not exceed 55 cm and is likely to remain below 30 cm through 2100.
Tsunamis
Historical perspective
Available tsunami data from the two largest online catalogues available (National Geophysical Data Centre, NGDC http://www.ngdc.noaa.gov/hazard/tsu.shtml; Tsunami Laboratory Novosibirsk, TLN http://tsun.sscc.ru/) were merged by Løvholt et al. (2012a) . Historical tsunamis in the region are limited in numbers. Most of them are of seismic origin, but some of the events closest to the site of interest may have been caused by landslides. Further, most of the historical events are local affecting Sumatra and coastlines close to Banda Aceh only. However, distant sources could pose a threat to the proposed site.
The observed run-up heights of the 2004 Indian Ocean tsunami at Penang Island varied from 2.3 m to 4.0 m (Yalciner et al., 2005; Synolakis and Kong, 2006; Koh et al., 2009) . Along an approximately 130 km long segment of the mainland Kedah, Penang, and Perak state coastlines northwards from Kuala Kurau (about 30 km south of Batu Kuwan), the observed run-up heights varied from 0.90 m to 3.80 m (Koh et al., 2009) .
Volcano tsunamis in Southeast Asia area reviewed by Paris et al. (2014) . The 27 August 1883 Krakatau volcano in the Sunda Strait between Sumatra and Java, Indonesia, generated a tsunami that devastated the adjacent coastlines of Java and Sumatra with a maximum run-up height of 42 m. At least 36,000 people were killed (mostly by the tsunami), see, e.g., Verbeek (1885), Symons (1888) , Murty (1977) , Simkin and Fiske (1983) , Bryant (2001) , Choi et al. (2003) , and Pelinovsky et al. (2005) . The authors of the present paper have not been able to find any description from which it seems possible to deduce wave heights in Peninsular Malaysia or the Malacca Strait; but from the literature cited above, these wave heights must have been rather limited. This limiting effect is mainly caused by the favourable location of the Malacca Strait and because tsunamis generated by a volcano (or landslide) decay faster in the far-field than tsunamis generated by an earthquake.
Tsunamigenic earthquake sources
The lower bound return period for megathrust events like the one on 26th December 2004 is 300-400 years. The largest credible earthquake to be prepared for within the next 50-100 years, where the resulting tsunami could hit the coast of Thailand and the Peninsular Malaysia, is a M w 8.5 event along the Sunda Arc subduction zone with an estimated lower bound return period of 200 years NGI, 2006) . Seismic tsunamigenic events along the fracture zone in the Andaman Sea and along the northwestwardly extension of the Great Sumatra fault are less likely than repeated dip-slip movements in the Sunda Arc subduction zone itself (NGI, 2006) . Simulations of a M w 8.9 scenario located in the northern part of Bengal Bay (along the Burma fault, with a return period of roughly 500 years) show that the tsunami threat for Batu Kawan is smaller for this scenario than for a M w 8.5 Sunda Arc scenario (NGI, 2009a; Løvholt et al., 2012b) .
A further analysis of the simulations of the M w 9.3 2004 Sumatra earthquake tsunami Løvholt et al., 2006; NGI, 2006 ) gives a maximum shoreline water level of about 3.5°m west of Penang and about 2 m for the Batu Kawan site.
From the considerations above, it was assessed that the largest credible earthquake to be prepared for within the next 50-100 years, where the generated tsunami could hit the coast of Peninsular Malaysia, was a M w 8.5 event along the Sunda Arc subduction zone. The estimated lower bound return period of such an earthquake is of the order of 200 years (this period can perhaps be much longer; NGI, 2014b). Because of the substantial stress release during the mega-earthquake of 26 December 2004, the annual occurrence probability of such a mega-earthquake on a critical section of the Sunda Arc is assessed to be less than 0.1% during the 21st century.
Tsunamigenic landslide and volcano sources
For the landslide to be tsunamigenic, a large volume in combination with a rapid flow is generally required, making such tsunamis infrequent. An exception is the occurrence of local landslides with more limited volumes that generate tsunamis in the presence of steep relief's combined with weak soil materials. Examples such as the 1992 Flores Island (Yeh et al.,, 1993 ) and the 1899 Ceram (Berninghausen, 1969; Soloviev and Go, 1974) events in eastern Indonesia demonstrate the latter. Such landslides are often triggered by an earthquake. Two of the historical tsunami events closest to the site of interest may have been caused by landslides due to their local character. They originate from the Banda Aceh area (in 1964 and 1967 , see Soloviev and Go, 1974 NGI, 2011a; Løvholt et al., 2012a) .
Being often less probable and generally less geologically constrained than large earthquakes, possible tsunamigenic landslide sources are harder to identify. This lack of data increases the uncertainty of the hazard evaluation. In the absence of more accurate (and considerably more expensive) detailed geophysical seabed surveys, only available data were applied. Lin et al. (2010) identified three sediment packages that exhibit sliding characteristics in the Malacca Strait-Mergui Basin shelf margin NE of northernmost Sumatra. Dating of these landslides to 20-30, 342-364, and 435-480 kyr BP, shows that they all occurred near times of sea-level low-stands, which could indicate that a large amount of direct sediment influx during glacial periods was an essential precondition for basin-margin landsliding. Lin et al. (2010) conclude that the chance of having a repeat submarine landslide and tsunami along the Malacca Strait-Mergui Basin margin during the current Holocene sea-level high-stand is low. The basis for this conclusion is the lack of rapid deposition on the continental slope, in spite of high sediment flux and tectonic subsidence rate that normally weaken the slope stability. Landslide tsunami hazard is discussed further by Harbitz et al. (2014 ) Schwab et al. (2012 showed evidence for submarine landslides on the western slope offshore Thailand. Time intervals between individual events are long (hundred ka to Ma). Based on volume and water depth criteria, they conclude that only a few slope failures may have been tsunamigenic, indicating a low tsunami hazard. However, the criteria are disputable, see, e.g., Lo Iacono et al. (2012) on deep-water slope failure tsunamis.
Based on the historical and geological records, the likelihood of landslide tsunamis affecting the Batu Kuwan site was considered relatively small. However, landslide tsunamis have previously been underreported and the incompleteness of the historical catalogue introduces large uncertainties. As a consequence, the historical catalogue may underestimate the hazard.
The likelihood of volcano tsunamis affecting the Batu Kuwan site was also found to be small. There are no historic reports of volcano tsunamis reaching Peninsular Malaysia. Further, Paris et al. (2014) report that the sources of past volcano tsunami events in Southeast Asia are all located further east. Except from the 1888 Ritter Island and the 1883 Krakatau tsunamis, all victims of the past events were less than 20 km from the source.
Largest credible tsunami scenarios
Based on the evaluations and findings above, the impact of two M w 8.5 earthquake tsunami scenarios located along the Sunda Arc subduction zone on the Batu Kawan site (estimated lower bound return period of the order of 200 years; Figure 6 ) was calculated. The scenarios are located in areas that are tectonically justifiable and at the same time where the effects in the Malacca Strait would be the worst.
For propagation, the GloBouss model was applied in a linear hydrostatic mode. For the near shore propagation and inundation, the ComMIT model (Løvholt et al., 2010; ComMIT, 2011) was applied, taking nonlinearities in the shallow water propagation (including potential wave breaking) around Batu Kawan into account. For the propagation, 30 arc sec (~900 m) bathymetric and topographic data from GEBCO (2011) were employed (resampled into a coarser grid of 1 arc min or ~1.8 km in the simulations). For the near shore and inundation modelling, the GEBCO bathymetry was combined with the 90 m resolution SRTM data (http://www2.jpl.nasa.gov/srtm) on the landside. The maximum surface elevations during the offshore propagation are given in Figure 6 . The maximum surface elevation is reduced from approximately 2 m a.s.l. in the source area down to about 20 cm a.s.l. (northern source) and 40 cm a.s.l. (southern source) close to the site. At Batu Kawan, the maximum inundation heights are about 20 cm a.s.l. and 40 cm a.s.l. for the northern and southern sources, respectively (Figure 7) . Since the applied SRTM topography data set is coarse and also influenced by vegetation offset (implying too high elevation of the site area), the calculated inundation heights will generally be underestimated in places with a gentle coastal terrain. To compensate for these effects, the inundation heights were doubled to give an upper limit of 0.5-1 m a.s.l. at the site. 5 Natural hazards not related to flooding
Earthquake hazard
The seismic potential of the Sumatran subduction zone is considered high in the region from 2°N to 5°S. A large event with M w greater than 7.8 may generate destructive ground motions in Singapore and Kuala Lumpur, even at a distance of 700 km (Megawati et al., 2005) . 1 The hazard related to direct seismic loading in Peninsular Malaysia was briefly evaluated and found to be low (for relative hazard classified into four categories on the basis of MMI intensity: negligible, low, moderate, and high; NGI, 2009b). However, this hazard might still be relevant for installations sensitive to seismic loading.
Volcano hazard
There are no volcanoes in Peninsular Malaysia. However, parts of Peninsular Malaysia might be impacted by ashfall from volcanic eruptions in Indonesia (NGI, 2011b). The hazard level related to volcanoes was found to be negligible. The knowledge on volcano ashfall hazard is currently being advanced, see, e.g., the Global Volcano Model (http://globalvolcanomodel.org/hazard-modelling/tephra-hazard-modelling/).
Multi hazard analysis and concluding remarks
This study provided a unified screening of multiple natural hazards that might affect the Batu Kawan manufacturing site in Malaysia. More detailed studies of the individual hazard components were not given preference for the immediate practical applications.
The hazard components were considered for various return periods. However, based on common practice and the already proposed development level of the site, a 100-200 year design return period was selected for comparisons in the multi-hazard analysis. This study considered combined effects of tides and storm surges, as well as the cascading effects of earthquakes and tsunamis. Independent extreme events were considered separately. Where relevant data were available, the hazards were assessed quantitatively. Otherwise, they were assessed relatively. Table 4 summarises the results. There is significant uncertainty associated with the recommended design values (and in some cases return periods). Storm surge water levels might increase further in combination with heavy rainfall and flash floods. However, a further analysis of the possible inundation levels requires more detailed information on the topography (digital elevation model with higher vertical and horizontal resolution) and longer time series of the relevant tide gauges.
Table 4
Exposure of the Batu Kawan site to natural hazards
Type of hazard
Level of hazard/ recommended design value Comments Flood 2.6 m LSD* Proper drainage should be designed to handle this level of flood water. The level of 2.6 m LSD is only likely to occur in the inner parts of the drainage system.
Tropical cyclone Low
The site is not in the typical path of tropical cyclones.
Tide and storm surge 2.6 m LSD* 100-year event.
Sea level rise < 0.5 m Sea level rise over the next 100 years can be assumed to be less than 0.55 m and is likely to be less than 0.30 m.
Tsunami 0.8-1.3 m LSD* inundation height Tsunami inundation heights estimated for M w 8.5 earthquake scenarios located along the Sunda Arc; estimated lower bound return period of the order of 200 years (considered the largest credible earthquake to be prepared for within the next 50-100 years). Uncertainty about the tsunamigenic potential in the Andaman fracture zone.
Earthquake Low If the foreseen installations are sensitive to seismic loading, a site-specific seismic hazard evaluation is recommended.
Volcano Negligible
The site might be affected by ashfall from a major volcanic eruption in Sumatra.
Note: * Land survey data level, proprietary Malaysian standard; 30 cm above mean sea level.
Once the critical phenomena are identified by a preliminary analysis like this one, a detailed analysis of hazard (e.g., frequency and intensity of event), risk (including potential consequences), and risk mitigation measures (including also installation of possible sensitive equipment) should be carried out for meaningful comparisons and risk assessments. However, models for coastal inundation (tsunami) vulnerability and risk analysis are currently at a premature state (Nadim and Glade, 2006; Løvholt et al., 2012b; González-Riancho et al., 2014; Løvholt et al., 2014) . Moreover, a further discussion of possible damages at the site is not feasible without high quality topography data, information on buildings and infrastructure to be implemented (location, design, and use), as well as the expected number and location of people to be present at various times. Such information will only be available in the later stages of plant projects like this case study. Based on this preliminary multi-hazard analysis, the Bosch Solar Energy AG decided to elevate the manufacturing site by 0.5 m: Whereas the proposed development level and drainage system were designed to cope with floods up to 2.6 m, Bosch -following a precautionary principle -also wanted to protect the site from floods in combination with an additional sea level rise in the long run.
This study illustrates the utility of (preliminary) hazard analyses, in particular in view of the insignificant costs compared to the total investment costs for the site or the possible costs of an undesired event. Such preliminary analyses further aid to identify the main sources of uncertainties and thus the most favourable issues for follow-up studies.
